Overexpression of cyclooxygenase 2 (COX2) and uncontrolled wingless and Int (Wnt)-signaling pathway have long been suggested to play crucial roles in colorectal cancer. Studies show that selective COX2 inhibitors possess great potential as chemopreventive agents for colon cancer. Recent studies suggest that targeting COX2 and epidermal growth factor receptor (EGFR) may provide better therapeutic strategy than inhibiting either single target and that this may alleviate the problem of COX2 inhibitor-associated side effects. Therefore, there have been intensive efforts to develop novel dietary substances that target COX2 and EGFR activation. Fisetin is a naturally occurring flavonoid commonly found in various vegetables and fruits. We found that the treatment of COX2-overexpressing HT29 human colon cancer cells with fisetin (30-120 mM) resulted in induction of apoptosis, downregulation of COX2 protein expression without affecting COX1 and inhibited the secretion of prostaglandin E2. Treatment of cells with fisetin also inhibited Wnt-signaling activity through downregulation of b-catenin and T cell factor 4 and decreased the expression of target genes such as cyclin D1 and matrix metalloproteinase 7. Fisetin treatment of cells also inhibited the activation of EGFR and nuclear factor-kappa B (NF-kB). Finally, the formation of colonies in soft agar was suppressed by fisetin treatment. Taken together, we provide evidence that the plant flavonoid fisetin can induce apoptosis and suppress the growth of colon cancer cells by inhibition of COX2-and Wnt/EGFR/NF-kBsignaling pathways. We suggest that fisetin could be a useful agent for prevention and treatment of colon cancer.
Introduction
Colorectal cancer is one of the common malignancies and represents the second leading cause of cancer deaths in the USA (1) . According to World Health Organization, nearly one million people are diagnosed with colorectal cancer each year worldwide. Wingless and Int (Wnt)-signaling pathway plays a critical role during embryo development, and interestingly, its deregulation leads to carcinogenesis. Since its initial discovery in 1982, the research for the role of Wnt in cancer has been intensively investigated (2) . In colon cancer, .90% of the tumor arises from activating mutations in the Wnt pathway (3) . It is well known that b-catenin is a key effector in Wnt-signaling pathway since T cell factor (TCF) family members transcribe their target genes only when bound to b-catenin. The genetic predisposition such as mutations of adenomatous polyposis coli or b-catenin results in stabilization and activation of b-catenin that leads to uncontrolled proliferation of intestinal epithelial cells through the constitutively active Wnt-signaling pathway (4, 5) . Cyclooxygenase (COX), known as prostaglandin (PG) H2 synthase, is the rate-limiting enzyme in the conversion of arachidonic acid into PGs. The two known forms of COX are referred to as COX1 and COX2. Overexpression of COX2 has been frequently observed in colon tumors and COX2 plays a major role in colon carcinogenesis (6) . Many studies have implicated that PGE2, the metabolite of COX2 enzyme, is a potent mitogen and contributes to colon cancer development (7) . Interestingly, when COX2 is targeted through either gene knockouts or COX2-specific inhibitors, a significant reduction of number of tumors is observed suggesting that COX2 plays a key role in colon tumorigenesis (8) . Studies in humans indicate that use of specific COX2 inhibitors may be an effective approach for colorectal cancer prevention and treatment (9, 10) . However, the cardiovascular side effects limit the use of long-term treatment of COX2 inhibitors (11) . An important downstream target of PGE2 is the epidermal growth factor receptor (EGFR) pathway that has also been implicated in colon carcinogenesis (12) . EGFR is known to be required for establishment of intestinal tumors and is involved in development of advanced colorectal cancer (13) . Recent studies have found that targeting COX2 and EGFR simultaneously can be more efficient than targeting a single pathway in suppressing cancer (14, 15) . These combinatorial strategies that target multiple pathways can provide not only improved therapeutic results over monotherapeutic regimens but also can relieve the problem of COX2 inhibitor-associated side effects through adjusting the dosing and/or scheduling (15) .
Recently, there have been concentrated efforts to develop novel dietary substances as cancer preventive and/or therapeutic agents. Fisetin (3,7,3#,4#-tetrahydroxyflavone) ( Figure 1A ), a naturally occurring flavonoid commonly found in various vegetables and fruits such as onion, cucumber, apple, persimmon and strawberry (16) , possesses antioxidative (17), anti-inflammatory (18) and antiproliferative effects in a wide variety of cancer cells including liver (19) and prostate cancer cells (20) . We hypothesized that fisetin may provide chemopreventive as well as chemotherapeutic effects against colon cancer. The present study was designed to investigate whether fisetin confers inhibitory effects in HT29 human colon cancer cells. Here, we present the data showing that fisetin can induce apoptosis, inhibit COX2 expression without affecting COX1 and inhibit Wnt/b-catenin, EGFR and nuclear factor-kappa B (NF-jB) pathways in HT29 cells. These results suggest that fisetin could be a useful agent for prevention and treatment of colon cancer.
Materials and methods
Reagents and cell culture Human colon carcinoma cell lines, HCT116 and HT29, were purchased from American Tissue Type Culture Collection (Manassas, VA). HCT116 cells were maintained in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) and HT29 cells were grown in RPMI-1640 (American Tissue Type Culture Collection). Both media were supplemented with 10% fetal bovine serum (HyClone, Logan, UT), 100 U/ml of penicillin and 100 lg/ml of streptomycin (Cambrex, Walkersville, MD). Cells were grown at 37°C in a humidified atmosphere consisting of 5% CO 2 . Fisetin was purchased from Sigma (St Louis, MO) and dissolved in dimethyl sulfoxide.
Thiazolyl blue tetrazolium bromide assay Cells were seeded and cultured in 24-well plate with or without fisetin for the indicated time period. Media were removed and 0.05% thiazolyl blue tetrazolium bromide solution was added that was followed by incubation at 37°C for 2 h. Thiazolyl blue tetrazolium bromide solution was then replaced with dimethyl sulfoxide and incubated for 10 min. After incubation, the solution was aliquoted into 96-well plate in duplicate and the absorbance was measured.
Apoptosis assay
Two different assays were performed to measure apoptosis. First, APO-DIRECT system (Phoenix Flow System, San Diego, CA) was utilized according to the manufacturer's protocol using Becton Dickinson FACSCalibur at the McArdle Laboratory for Cancer Research, University of Wisconsin-Madison. Second, for immunofluorescent detection of apoptosis, Annexin-V-FLUOS staining kit was purchased from Roche (Indianapolis, IN) and Nikon Optiphot fluorescent microscope was used for analysis.
Plasmids, transfection and luciferase assay COX2 luciferase constructs (pXP2-COX2-Luc) containing (À1796 to þ104) region and empty pXP2-Luc were generously provided by Dr Miguel A.Iñiguez, Universidad Autónoma de Madrid-CSIC, Madrid, Spain. The pGL3 vector-based COX2 luciferase constructs wild-type (WT) and mutant (MT) that does not contain TCF-binding element were generous gifts from Dr S.Perwez Hussain, Laboratory of Human Carcinogenesis, National Cancer Institute, National Institutes of Health, Bethesda, MD. Basic pGL3-Luc and Renilla luciferase control vectors were purchased from Promega (Madison, WI). TOPflash plasmid construct was purchased from Millipore (Billerica, MA). Plasmids were amplified and purified using HiSpeed plasmid maxi kit from Qiagen (Valencia, CA). Lipofectamine 2000 (Invitrogen) was used for transient transfection. Vehicle or fisetin was added 1 day after the transfection for 24 h. Luciferase activities were determined using Dual Luciferase Reporter Assay System (Promega).
Nuclear and cytoplasmic extraction of cells
After the treatment of cells with fisetin, nuclear and cytoplasmic fractions of cells were extracted as described previously (21) . The resulting fractions were subjected to bicinchoninic acid assay (Pierce, Rockford, IL) to measure the protein concentration.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and western blotting Cells were harvested with lysis buffer supplemented with protease inhibitor cocktail (Calbiochem, San Diego, CA) and phosphatase inhibitor sodium orthovanadate. Total protein extraction and western blotting were performed as described previously (22) .
Immunofluorescence imaging
Cells were seeded on a two-chamber tissue culture-treated glass slides. The next day, media were replaced with or without fisetin and cultured for 48 h. After removing the chamber, slides were rinsed with phosphate-buffered saline and cells were fixed with 2% paraformaldehyde and permeabilized in methanol. After washing with phosphate-buffered saline, slides were blocked with 2% donkey serum. Primary and secondary antibodies were incubated in 5% donkey serum. SlowFadeGold-DAPI (Invitrogen) was used as mounting and counterstaining media. For analysis, Bio-Rad Radiance 2100 MP Rainbow system in the W.M. Keck Laboratory for Biological Imaging at the University of Wisconsin-Madison was used.
PGE2 immunoassay
Equal number of cells were seeded and treated with fisetin for 48 h. Culture media were collected and debris was removed by centrifugation. PGE2 immunoassay kit was purchased from Cayman Chemicals (Ann Arbor, MI) and was carried out according to the manufacturer's instruction.
Colony formation assay
Briefly, cells were seeded in top agar containing 0.3% agar with RPMI-1640 media and 10% fetal bovine serum. Bottom agar consisted of 0.5% agar, RPMI-1640 media and 10% fetal bovine serum. Media with dimethyl sulfoxide or indicated doses of fisetin were added and replaced every 3 days. The plate was incubated at 37°C in 5% CO 2 atmosphere.
Statistical analysis of the data Microsoft Excel software was used to calculate the mean and the standard error of the mean. The t-test was used to compare the means of groups and P values ,0.05 were considered significant. All statistic data obtained showed significance between the treatments as a whole as analyzed by analysis of variance.
Results
Fisetin induces growth inhibition of HCT116 and HT29 colon cancer cells Employing HCT116 and HT29 colon cancer cell lines, we first evaluated the effect of fisetin on cell proliferation by thiazolyl blue tetrazolium bromide assay. In addition to aberrant Wnt signaling in both cell lines, HT29 cells are known to express COX2, whereas HCT116 cells lack COX2 expression. Both cell lines were sensitive to fisetin indicating that fisetin could inhibit proliferation of colon cancer cells regardless of COX2 status ( Figure 1B and C). However, HT29 cells were more sensitive to fisetin as median inhibition concentration Fisetin inhibits COX2 and Wnt/EGFR/NF-jB-signaling pathways values were lower than that of HCT116 cells ( Figure 1D ). We selected HT29 cells to test whether fisetin could affect COX2-and Wntsignaling pathways. For all downstream experiments, cells were treated with fisetin for 48 h unless otherwise indicated in 'Materials and Methods'.
Fisetin induces apoptosis of HT29 colon cancer cells
Resistance against apoptosis is critical for survival and also contributes to drug resistance of cancer cells. Therefore, the induction of apoptosis is an important mechanism of chemoprevention and chemotherapy of cancer (23) . The fisetin-induced apoptosis was evaluated by different methods. First, dose-dependent increase in apoptosis was detected when HT29 cells were treated with fisetin ( Figure 2A) . Next, the induction of apoptosis was visualized by Annexin V assay. Treatment of cells with fisetin resulted in a dose-dependent increase in apoptosis as shown by increased green fluorescence ( Figure 2B ). Red fluorescence in 120 lM of fisetin-treated cells indicates late-stage apoptosis. Fisetin-induced apoptosis was further assessed by western blotting. Analysis of poly (ADP-ribose) polymerase cleavage, which is considered a biomarker of apoptosis, showed that the cleaved poly (ADP-ribose) polymerase fragment was increased after fisetin treatment ( Figure 2C ). Also, caspase 3 was cleaved and thus activated in fisetin-treated cells in a dose-dependent manner ( Figure 2C ). Since COX2 metabolite PGE2 is known to inhibit mitochondrial apoptotic pathway via inducing antiapoptotic Bcl-2 protein in colon cancer (24), we measured the levels of proteins involved in mitochondrial apoptotic pathway including Bcl-2. The treatment of cells with fisetin decreased the level of prosurvival Bcl-2 and Bcl-XL proteins, whereas the level of proapoptotic Bak protein was increased. Bax level remained unchanged upon fisetin treatment ( Figure 2D ).
Fisetin inhibits expression of COX2 in HT29 cells
The role of COX2 in tumorigenesis of colon is well known and HT29 cells constitutively express COX2. Therefore, we investigated whether fisetin can modulate the expression of COX2 in these cells. We observed that fisetin inhibited the expression of COX2 protein in HT29 cells without affecting the level of COX1. As shown by western blot in Figure 3A , treatment of the cells with 60 lM of fisetin significantly diminished COX2 protein expression and almost abolished the COX2 expression at a dose of 120 lM of fisetin. To verify the downregulation of COX2, we performed immunofluorescent labeling. The bright red fluorescence from COX2 in control cells shows constitutive expression of COX2 in cytoplasm, whereas 60 lM of fisetin significantly decreased the COX2 expression. Finally, 120 lM of fisetin abrogated the expression of COX2 ( Figure 3B ).
Fisetin inhibits COX2 promoter activity and PGE2 secretion Next, we measured the effect of fisetin on transcriptional regulation of COX2 using pXP2-COX2 promoter luciferase construct. The full-length COX2 promoter coupled to a luciferase reporter gene was transfected into HT29 cells. We found that fisetin significantly reduced the activity of COX2 promoter in a dose-dependent manner. Treatment of cells with 30, 60, 90 lM of fisetin inhibited COX2 promoter activity by 28.4, 57.0, 62.7%, respectively ( Figure 3C ). However, 120 lM of fisetin-treated cells transfected with COX2 promoter were detached and therefore luciferase activity was not measured. Since fisetin decreased the expression of COX2, we also assessed whether fisetin could modulate PGE2 secretion. As shown in Figure 3D , inhibition of PGE2 release by fisetin occurred dose dependently. When cells were treated with 60 and 120 lM of fisetin, the secretion of PGE2 was decreased by 32.6 and 82.0%, respectively. This suggests that fisetin-induced downregulation of PGE2 may be the mechanism responsible for induction of apoptosis through downregulation of Bcl-2 that we have shown previously. PGE2 enhances colon cancer progression through Gs-axin-b-cateninsignaling axis via its G protein-coupled receptor E-prostanoid (EP) 2 (25) . However, fisetin did not affect the level of EP2 receptor indicating that fisetin inhibits the signaling through regulating ligand availability. Fisetin also did not affect the level of EP4 receptor ( Figure 3E ).
Fisetin inhibits b-catenin pathway in HT29 cells
The key molecule that regulates Gs-axin-b-catenin-and Wnt-signaling pathway is b-catenin that is ubiquitinated for degradation when phosphorylated, whereas dephosphorylation leads to stabilization and translocation to nucleus for target gene expression together with TCF family members. In fisetin-treated cells, it is evident that phosphorylation of b-catenin is increased in a dose-dependent manner ( Figure 4A ).
In nucleus, non-phospho-b-catenin is diminished accordingly ( Figure 4A ). These data indicate that fisetin decreases active form of b-catenin in these cells. To further verify the inhibition of these pathways induced by inactivation of b-catenin, we investigated whether fisetin could decrease TCF4-b-catenin transcriptional activity by using a TOPflash TCF reporter assay. As shown, fisetin-treated cells (30, 60, 90 , 120 lM) exhibited inhibition of TCF4-b-catenin transcriptional activity by 21.9, 75.6, 84.3, and 84.5%, respectively ( Figure 4B ). At 60 lM of fisetin treatment, TOPflash luciferase activity was inhibited by 75.6% even though the nuclear level of TCF4 decreased marginally ( Figure 5B ). This can be explained by the significant decrease in nuclear b-catenin level at same dose of fisetin ( Figure 4A) . Therefore, at 60 lM of fisetin treatment, it is conceivable that the accumulated TCF4 in the nucleus is primarily not complexed with b-catenin making TCF4 inactive resulting in low signaling activity as shown by TOPflash luciferase assay. Fig. 3 . Effect of fisetin on COX expression and PGE2 secretion. Cells were treated with indicated doses of fisetin and were subjected to analysis of COX expression. (A) Western blots of COX1 and COX2 were performed with specific antibodies. The membrane was stripped and reprobed with anti-b-actin antibody to verify equal loading. (B) Immunocytochemistry using COX2-specific antibody was performed. A total of 100 000 cells were seeded and treated with indicated doses of fisetin. For immunofluorescence labeling, anti-COX2 antibody (Cayman Chemicals) and Alexa Fluor 594 goat anti-mouse IgG (Invitrogen) were used as primary and secondary antibodies, respectively. 4#,6-Diamidino-2-phenylindole (DAPI) was used to counterstain the nucleus, Â600 (C) COX2 promoter activity with or without fisetin treatment was measured. Cells were transiently cotransfected with 1 lg of empty vector or COX2 luciferase construct containing Photinus pyralis (firefly) luciferase reporter and 50 ng of Renilla reniformis (sea pansy) luciferase control reporter plasmid. Luminescence from Renilla luciferase reporter serves as baseline response hence it was used as internal control. Results are represented as relative luciferase activity that was obtained by dividing the luminescence from firefly luciferase by the luminescence from Renilla luciferase. All samples were done in triplicate and the data are presented as mean ± SEM. Ã P , 0.05 versus pXP2-COX2-Luc control. (D) COX2 activity was measured by measuring PGE2 secretion. The plate was read at 414 nm using a microplate reader. The values were normalized according to cell number (1 Â 10 6 cells) and expressed as % PGE2 secretion. The data shown are representative results of three independent experiments and are presented as mean ± SEM.
Ã P , 0.05, ÃÃ P , 0.01 versus control. (E) Western blots of EP2 and EP4 receptors were performed with specific antibodies and anti-b-actin antibody was used to verify equal loading.
Fisetin inhibits COX2 and Wnt/EGFR/NF-jB-signaling pathways

Fisetin inhibits expression and translocation of TCF1 and TCF4 in HT29 cells
The fact that TCF4-b-catenin is a critical effector in colon carcinogenesis and that the transcriptional activity of TCF4-b-catenin was decreased upon fisetin treatment, we tested whether fisetin could downregulate the TCF4 expression itself. Western blot analysis of TCF4 revealed that fisetin downregulates not only the expression of TCF4 ( Figure 5A ) but also its translocation to the nucleus ( Figure 5B ). At the same time, the level of TCF1 was also measured. While TCF4 is predominantly expressed in colon cancer, HT29 cells also express TCF1. TCF1 is known to be one of the target genes of TCF4 (26) and is suggested to be involved in tumor progression (27) . As shown, the expression and translocation of TCF1 was also inhibited by fisetin ( Figure 5A and B). To confirm these results, we labeled fisetin-treated cells with TCF1-and TCF4-specific antibodies. As expected, the expression of both TCF1 and TCF4 were downregulated and the translocation of these two proteins to the nucleus were inhibited by fisetin as shown by diminished green fluorescence in TCF panel and Merged panel, respectively ( Figure 5C and D) .
Fisetin inhibits COX2 expression through downregulation of TCF4
The promoter region of the COX2 gene contains binding sites for multiple transcription factors including TCF4, NF-jB, CCAAT/ enhancer-binding protein, polyoma enhancer activator 3, cyclic adenosine 3#,5#-monophosphate response element binding and activating transcription factor (28). Since we observed downregulation of both TCF4 and b-catenin, we performed luciferase assay with MT COX2 promoter construct that does not contain TCF4-binding element ( Figure 6A) . Without fisetin treatment, we found that MT showed decrease in luciferase activity by 48.9% when compared with non-treated WT control ( Figure 6A , WT versus MT at 0 lM). This indicates that TCF4, when bound to b-catenin, plays a major role in regulation of COX2 expression in HT29 cells. When WT at 90 lM is compared with WT at 0 lM, the luciferase activity was decreased by 82.5% ( Figure 6A, WT, 0 versus 90 lM) . At 90 lM of fisetin treatment, WT exhibited similar luciferase activity as MT that does not contain TCF4-binding site indicating that fisetin suppresses the expression of COX2 through inhibition of TCF4 ( Figure 6A , WT versus MT at 90 lM). In MT transfected cells, 90 lM of fisetin decreased the relative luciferase activity from 13.2 to 3.65, which is 72.3% decrease when compared with nontreated cells suggesting that factors other than TCF4 is also involved in fisetin-regulated COX2 expression ( Figure 6A , MT, 0 versus 90 lM).
Fisetin inhibits activation of EGFR in HT29 cells
PGE2 has been known to transactivate EGFR thereby enhancing cancer growth and invasion (12, 29) . Since fisetin decreased secretion of PGE2, we tested whether fisetin could diminish EGFR activation. As shown, HT29 cells treated with fisetin exhibited decreased EGFR phosphorylation as low as at 30 lM ( Figure 6B ). We utilized an antibody that is specific to phosphorylated Tyr 1068 residue of EGFR. This residue, when phosphorylated, is a well-known binding site for growth factor receptor-bound protein 2, an adaptor protein that conveys the signal from EGFR to the well-established Ras-Raf-MAPK pathway.
Fisetin inhibits activation of NF-jB in HT29 cells
It is well known that NF-jB transcription factor is associated with cellular transformation and has been identified to be upregulated in colon cancer (30) . Moreover, phosphorylation of p65 subunit of NFjB is required to stimulate COX2 expression (31) . In western blot analysis, we observed decreased level of phosphorylated p65 subunit of NF-jB in cytoplasm and concomitant decrease in p65 subunit in nuclear lysates of HT29 cells treated with fisetin ( Figure 6C ). This indicates that fisetin inhibits the expression of COX2 at least through dual manner, i.e. TCF4 and NF-jB, at transcriptional level. Next, we determined NF-jB transcriptional activity using luciferase reporter plasmid that contains NF-jB-binding site. We observed that fisetin treatment (30, 60, 90 , 120 lM) resulted in decrease of NF-jB transcriptional activity by 3.7, 41.0, 62.3 and 78.6%, respectively, when compared with pTak-NF-jB-Luc control ( Figure 6D ). This suggests that fisetin could downregulate the NF-jB target genes including COX2 and Bcl-2.
Fisetin reduces expression of Wnt target genes and inhibits colony formation
Overexpression of proteins such as cyclin D1 and matrix metalloproteinase 7 (MMP7) has been implicated in colon carcinogenesis and are well-known targets of Wnt signaling. In our western blot analysis, we observed diminished levels of cyclin D1 and MMP7 when treated with fisetin ( Figure 6E ). Cyclin D1 is frequently overexpressed in human colon cancer and its increased expression is known to contribute to the abnormal growth and tumorigenicity (32) . Mice that are lacking MMP7 have shown that intestinal tumorigenesis is suppressed suggesting that MMP7 plays a critical role in colon carcinogenesis (33) . Colony formation assay was performed to test whether fisetin can inhibit the clonogenicity of the colon cancer cells. While the control group formed 138 colonies on average over 4 weeks, the clonogenicity of the fisetin-treated group showed dosedependent decrease. The number of colonies formed decreased to 118, 75, 64 and 37 in 30, 60, 90 and 120 lM of fisetin-treated group and only 1 colony was formed in 180 lM fisetin-treated group, on average ( Figure 6F) . 
Discussion
In this study, we demonstrate that the dietary constituent fisetin induces apoptosis and inhibits multiple signaling pathways that are involved in colon cancer growth. We observed that fisetin inhibits expression of COX2 in HT29. Many studies show that COX2 plays a critical role in colon carcinogenesis making COX2 an attractive target for prevention and treatment of colon cancer. The purpose of developing selective COX2 inhibitors (i.e. valdecoxib, rofecoxib, celecoxib) is to avoid various side effects of non-steroidal antiinflammatory drugs. Inhibition of colon tumorigenesis by selective inhibition of COX2 is well known. Unfortunately, even though randomized clinical trials of selective COX2 inhibitors against colon cancer including the Adenoma Prevention with Celecoxib trial and the Adenomatous Polyp Prevention on Vioxx trial exhibited promising results, all trials were halted due to cardiovascular side effects (34) . Therefore, the development of specific COX2 inhibitors without the risk of cardiovascular disease is warranted. Our data suggest that fisetin may be a good candidate for chemoprevention and chemotherapy of colon cancer. We showed that fisetin inhibits COX2 through downregulating its expression which is fundamentally different than the mechanism of the selective COX2 inhibitors which suppress enzyme activity via direct binding thereby decreasing the synthesis of PGs (35) . PGE2 enhances colon cancer progression through (i) activating Gs-axin-b-catenin signaling via EP2 (25); (ii) inhibiting apoptosis via inducing Bcl-2 protein (24) and (iii) transactivating EGFR (29) . We observed that fisetin inhibits COX2 expression and concurrent decrease in PGE2 secretion that resulted in inactivation of b-catenin and induction of apoptosis. HT29 cells treated with fisetin also exhibited decreased EGFR phosphorylation.
Due to the mutations, Wnt-signaling pathway is hyperactive in colon cancer through constitutive activation of TCF4-b-catenin (5). Araki et al. (36) have shown that COX2 expression can be regulated by TCF4-b-catenin complex. This indicates that downregulation of TCF4 or b-catenin will suppress both Wnt and COX2 pathway. Moreover, this could lead to inhibition of PGE2-induced downstream signaling pathways such as EGFR activation. This suggests that TCF4 and b-catenin are the key regulators of colon carcinogenesis. Therefore, our data that fisetin downregulates both TCF4 and b-catenin are quite promising.
We observed decreased level of expression and nuclear translocation of both TCF1 and TCF4. TCF4 is the predominantly expressed form of TCF in colon cancer and its function is well understood as stated earlier. HT29 cells are known to express TCF1 and TCF4 (4, 26) and it is shown that TCF1 is a target gene of TCF4 (26) . TCF1 is suggested to be involved in tumor progression since it is overexpressed in metastatic site-derived COLO205 and COLO201 colon cancer cell lines but not in SW480 and SW620 cells, which are derived from the primary tumor site of the same patient (27) . Moreover, TCF1 is not expressed in HT29M3 cell line, a highly differentiated derivative of HT29 cells, which becomes highly invasive when methylthioadenosine phosphorylase, whose expression is induced specifically by TCF1, is introduced (37) .
Earlier studies have revealed that dietary agents epigallocatechin gallate and curcumin could inhibit the expression of COX2 through inhibition of NF-jB (38, 39) . We also found that fisetin can decrease the activation of NF-jB and can inhibit its transcriptional activity.
The majority of colon cancer cases are sporadic and a fraction of them has been suggested to be inherited. Familial adenomatous polyposis is the best-characterized inherited precursor of colon cancer where hundreds to thousands of polyps are formed during adolescence and if untreated, colon cancer is inevitable in these patients (40) . The average age of colon cancer in familial adenomatous polyposis is 35 years which is .30 years earlier than the average age of diagnosis of colon cancer in the general population (41) . This indicates that there is ample time and opportunity for early intervention in both cases of colon cancer. The majority of both types of colon cancer contain mutations in adenomatous polyposis coli leading to uncontrolled cell proliferation through signaling by activated b-catenin. Also, COX2 is elevated in 50% of adenomas and .80% of carcinomas of colon (42) .
Our data show that fisetin inhibits the growth of not only COX2-positive HT29 cells but also COX2-negative HCT116 cells (Figure 1) . Fisetin inhibits COX2 and Wnt/EGFR/NF-jB-signaling pathways HCT116 cell line harbors a mutation in b-catenin that results in uncontrolled cell growth through constitutive activation of Wnt-signaling pathway. Since fisetin induced downregulation of b-catenin and TCF4 in HT29 cells (Figures 4 and 5) , the susceptibility of HCT116 cells to fisetin might also be due to the inhibition of Wnt-signaling pathway via downregulation of b-catenin and TCF4.
To date there have not been any human clinical trials or studies assessing the bioavailability of fisetin; however, multiple studies have shown that flavonoids with a similar structure to fisetin (e.g. quercetin, myricetin) are orally bioavailable (43) .
Our data that fisetin can downregulate both b-catenin and COX2 provide a good rationale for further comprehensive research of this dietary compound against colon cancer. Taken together, our results suggest that fisetin could provide a multiprong strategy for targeting multiple signaling pathways leading to antitumorigenesis of colon.
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